The article deals with the ruthenium complexes, [(bpy)Ru(Q¢) 2 ] (1-3) incorporating two unsymmetrical redox-noninnocent iminoquinone moieties [bpy = 2,2¢-bipyridine; Q¢ = 3,5-di-tert-butyl-N-aryl-1,2-benzoquinonemonoimine, aryl = C 6 H 5 (Q¢ 1 ), 1; m-Cl 2 C 6 H 3 (Q¢ 2 ), 2; m-(OCH 3 ) 2 C 6 H 3 (Q¢ 3 ), 3]. 1 and 3 have been preferentially stabilised in the cc-isomeric form while both the ct-and cc-isomeric forms of 2 are isolated [ct: cis and trans and cc: cis and cis with respect to the mutual orientations of O and N donors of two Q¢]. The isomeric identities of 1-3 have been authenticated by their single-crystal X-ray structures. The collective consideration of crystallographic and DFT data along with other analytical events reveals that 1-3 exhibit the valence configuration of [(bpy)Ru II (Q¢ Sq ) 2 ]. The magnetization studies reveal a ferromagnetic response at 300 K and virtual diamagnetic behaviour at 2 K. DFT calculations on representative 2a and 2b predict that the excited triplet (S = 1) state is lying close to the singlet (S = 0) ground state with singlet-triplet separation of 0.038 eV and 0.075 eV, respectively. In corroboration with the paramagnetic features the complexes exhibit free radical EPR signals with g~2 and 1 HNMR spectra with broad aromatic proton signals associated with the Q¢ at 300 K. Experimental results in conjunction with the DFT (for representative 2a and 2b) reveal iminoquinone based preferential electron-transfer processes leaving the ruthenium(II) ion mostly as a redox insensitive entity: 
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Introduction
Quinones, naturally occurring redox-active molecules, are involved in vital electron transport processes where they often interact with transition metal ions.
1 The quinone-containing prosthetic groups in metallo-quinoproteins, 2 pyrrolo-quinolinequinone, tryptophan-tryptophyl-quinone, topaquinone, lysinetyrosyl-quinone, vitamin K derivatives, ubiquinones or plastoquinones play important roles as anti-oxidants (polyphenols), neurotransmitters (catecholamines), precursors of melanin pigments, energy conversion (photosynthesis, respiration) or information transfer agents.
3,4 This in turn has extended special impetus in designing metal-quinonoid based molecules as models for understanding the delicate valence, spin and electron-transfer aspects.
5, 6 In this regard ruthenium-quinonoid(Q) frameworks have drawn continuous research interest primarily due to the unique feature of extensive delocalisation of dp(Ru) and pp(Q) based frontier orbitals.
7, 8 This often introduces complexities in establishing the precise valence state configuration at the ruthenium-Q interface.
9 Moreover, the recently established application potential of ruthenium-quinonoid moieties in water oxidation processes has been an added attraction in dealing with such molecules.
10
The easy accessibility of various oxidation states of ruthenium (+2, +3, +4) and quinonoid ligands (oxidised, Q Q o ; intermediate radical, Q Sq ∑ -; doubly reduced, Q Cat 2-, Scheme 1) leads to the multiple electronic structure alternatives, {Ru II -Q Q }↔{Ru III -Q Sq }↔{Ru IV -Q Cat }. 11 The built in complexity may further be enhanced in a bis-quinonoid set up, {Ru-(Q) 2 } due to additional valence and spin-state interactions.
11

Scheme 1
The extent of delocalisation of frontier orbitals of Ru and Q is known to vary significantly depending on the specific electronic nature of the quinonoid moieties (Scheme 1) as well as the associated ancillary ligands (AL) in the complexes.
7-9
In this context a wide variety of quinonoid frameworks (Scheme 1) along with ruthenium precursors involving different ancillary ligands such as 2,2¢-bipyridine (bpy), Considering the inherent sensitivity of valence and spin distribution processes in the {Ru-Q} set up, the present work is specifically aimed at investigating the interactions of two unsymmetrical iminoquinones (Q¢ = X = O, Y = NPhR, Scheme 1) with the ruthenium centre in [(bpy)Ru(Q¢) 2 ]. This specific choice of Q¢ as the quinonoid framework for the present study primarily originated from our recent observations that the ruthenium coordinated Q¢ can exhibit substantial variations with respect to the analogous iminoquinone, Q = X = O, Y = NH or dioxolene, Q = X = Y = O (Scheme 1) particularly towards the Ru-Q based electron-transfer processes.
9c,g,n,12c,13c Moreover, unlike the recently reviewed 15 well developed chemistry of first row transition metal ions of Q¢, the corresponding ruthenium chemistry is confined to a limited number of recent reports.
8o,9g,12c
The present article describes the detailed synthetic and structural aspects of the bis-iminoquinone complexes in the framework of [(bpy)Ru(Q¢) 2 ] (1-3) including their isomeric structural features. The delicate intramolecular valence and spin-state aspects in accessible redox-states of 1 n -3 n (n = +2, +, 0, -) have been addressed by experimental and DFT results as well as in relation to the reported analogous systems.
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Results and discussion
Synthesis and isomeric features
The complexes [Ru(bpy)(Q ¢ ) 2 ], 1-3 have been synthesized from Ru III (bpy)Cl 3 (bpy = 2,2¢-bipyridine) and the respective ligands, H 2 Q ¢ 1-3 (Scheme 2 and see the Experimental section) in the presence of NaOH as a base.
Scheme 2
The presence of two unsymmetrical ligands (Q ¢ ) in 1-3 introduces the possibility of three geometrical isomeric forms, cc (all cis), ct(N-trans) and tc(O-trans) with respect to the oxygen and nitrogen donors of the two Q ¢ (Scheme 3). Though 1 (Fig. S1 in the Supplementary information ‡) and 3 ( Fig. 2) have been found to stabilise selectively in the cc-isomeric form, the ct-and cc-isomeric forms of complex 2 have been isolated as major (2a) and minor (2b) products (Fig. 1) , respectively.
Unlike 1 and 2, complex 3 with OMe substituents in the 3-and 5-positions of the pendant phenyl ring of Q¢ 3 (Scheme 2) partially transforms to the corresponding doubly oxidised state, 3 2+ during the purification step using a silica gel column. Therefore, both 3 and doubly oxidised 3 2+ (in the form of [3] (ClO 4 ) 2 ) have been eluted from the same column by CH 3 CN and CH 3 OH-HClO 4 mixture, respectively, and subsequently structurally characterised (see the Experimental section).
The electrically neutral 1-3 exhibit satisfactory microanalytical and mass spectral data in CH 3 CN (see the Experimental section and Fig. S2 ‡) .
Structural aspects
The single crystal X-ray structures of 2a, 2b and 3 are shown in Fig. 1 and 2 , respectively. The selected crystallographic parameters, bond distances and angles are listed in Table 1, Table 2 and Table S3 , ‡ respectively. It should be noted that in spite of several attempts the refinement of the reasonably good quality data set for the crystal of 1 always led to a higher "R" factor ( Fig. S1 and Tables S1, S2 ‡), presumably due to some sort of intrinsic crystallographic problems. However, it always crystallises in the cc-geometric form and the relevant bond distances are close to other structurally well characterised derivatives, 2a, 2b and 3 (see below). The sensitive 9a,c,14 C-O, C-N and intra-ring bond distances associated with the coordinated Q ¢ in 1-3 ( Table 2 and Table S2 (ii) The C-O and C-N bond distances of the coordinated Q ¢ in 1-3 exhibit a rather complex relationship where the C-O distances are somewhat closer to the localised Q¢ Sq distance of 1.30 Å whereas C-N distances correspond to the localised Q¢ Cat form of 1.38 Å . 9a,c, 14 As a consequence the C-C(meta) distances of the coordinated Q ¢ appear to be slightly longer than the ideal C-C(meta) distance of 1.36 Å for the Q¢ Sq state.
9a,c, 14 However, the shorter C-C(meta) distances relative to the other intra-ring distances in each case signifies the presence of Q The complexes exhibit free radical EPR signals with g~2.0 at 300 K ( (Table 2 and  Table S3 ‡). The spin density plots of 2a and 2b (Fig. 3a, 3b , Table 3 ) reveal that the Q ¢ Sq moieties are the primary spin bearing centres with partial delocalisation onto the metal site. The natural bond orbital analysis (NBO) predicts an electronic configuration of Ru(4d) of 6.93 and 6.88 in 2a and 2b, respectively, (Tables S4, S5 ‡) which also collectively favours the valence formulation of
In agreement with a {Ru II -(Q¢ Sq ) 2 } configuration, 1-3 exhibit intense low-energy transition near 1000 nm (see later).
9g It should be noted that the slight metal contribution in the spin-density plots (Table 3 , Fig. 3a , 3b) as well as in the SOMOs (SOMO = singly occupied molecular orbital) of 2a and 2b as predicted by DFT (Table S6a and Table S7 ‡) has also been partly resolved in the slightly structured EPR spectra (Fig. S3 ‡) under the experimental conditions. This implies the minor existence of the alternate resonance form of {(bpy)Ru III (Q¢ Sq )(Q¢ Cat )}.
16
The valence configurations of the reported diamagnetic bis-quinonoid complexes, [(bpy) (Table 4) . On the other hand, the average C-O distances of 1.309(5), 1.296(10) and 1.301(11) Å in 
Magnetic properties
The magnetic properties of representative 1 and 2a have been explored, which display similar room temperature magnetic behaviour. In both cases the magnetization measurements towards the magnetic field at 300 K show a rapid increase in magnetization at very low magnetic fields to reach close to the constant values corresponding to S = 0.07, and S = 0.01, respectively ( Fig. 4a and S5a ‡). On the other hand, at 2 K, the magnetization measurements towards the magnetic field show lower values than those expected from the Brillouin formula for a system with two S = 1/2 spins ( Fig. 4b and S5b ‡). These measurements indicate the existence of an almost antiferromagnetic behaviour particularly at low temperature. However, the shape of the magnetization curves at 300 K and also the values obtained (Fig. 4 and S5 ‡) are attributed to the presence of unpaired electrons primarily located on the two iminosemiquinone moieties Q¢ in 1 and 2a as revealed by the radical EPR spectra (Fig. S3 ‡) as well as up-field shifted broad proton resonances involving the Q¢ (Fig. 5, see later) . The non-linearity of the magnetization curves and the fast increase of the magnetization values at 300 K at very low magnetic fields indicate the existence of a ferromagnetic state which is in accordance with magnetization values higher than that predicted by the Brillouin equation. The virtual antiferromagnetic behaviour at low temperature and ferromagnetic response at higher temperature can be interpreted in terms of the existence of a singlet ground state with a thermally accessible low-lying excited S = 1 state 6c, 17 as is evidenced by the DFT calculations on 2a where the triplet (S = 1) state is 0.038 eV above the singlet (S = 0) ground state. However, the non-linearity of the magnetization curve towards the magnetic field has prevented us from calculating the susceptibility values and therefore from simulating the experimental data. The said magnetic behaviour at room-temperature could be tentatively attributed to the magnetic anisotropic feature of the complexes under the applied magnetic field.
18
The complexes exhibit EPR signals with g~2.00, at 300 K (Fig. S3 ‡) . However, the complexes are EPR inactive at 4 K in accordance with their virtual diamagnetic nature near 2 K as revealed by the magnetic studies. The line widths of the EPR signals are consistent with a ligand radical assignment. The absence of significant g anisotropy implies the negligible participation of the metal ion as also indicated by the spin density plots (Table 3 , Fig. 3a, 3b) . The expected half-field signal for the diradical has not been resolved at the experimental conditions (Xband, 300 K). The observed S = 1/2 type EPR signal and the absence of a half-field feature suggest a diradical with weakly interacting iminosemiquinone spins (see below).
19 A look at the SOMOs confirms that the spin-bearing p orbitals of the iminosemiquinone moieties are neither parallel nor anti-parallel but are almost perpendicular to each other (~70
• on optimised geometry, Fig. 6 and Tables S6a, S7 ‡). state is found to be lower with respect to the corresponding closed shell solution by 0.112 eV at the B3LYP level of theory. This has also been verified using other density functionals with different functional exchange where the energy differences between BS(1,1) and closed shell singlet are calculated to be 0.093 eV and 0.106 eV at TPSS and BMK levels, respectively, implying the singlet diradical situation. 20 In the open shell BS(1,1) model at the B3LYP level of theory, two ligand centred SOMOs (X, Y, see below) of opposite spin are identified (Table S6b ‡) .
The antiferromagnetic coupling between these two orbitals via any of the metal t 2g orbitals gives rise to a relatively moderate mutual spatial overlap (S ab ) of 0.58 indicating weakly antiferromagnetically coupled biradical character within the molecule (see Experimental section for details). It should be noted that antiferromagnetism is a function of the mutual spatial overlap (S ab ), in a closed shell it becomes unity and in the non-interacting case it becomes zero. 6h, 20a The spin density population (BS(1,1)) analysis (Fig. 3c ) again exhibits the anti-parallel spin alignment of two radical ligands. The diradical character in the present case can be rationalised on the basis of a specific alignment of spins which may be due to the observed ferromagnetic behaviour at room-temperature.
It should be noted that the ruthenium-bis-quinonoid complexes of the general formula of [(PR 3 ) 2 Ru II (Q Sq ) 2 ] (Q = X = Y = O, Scheme 1) have been recently established to exhibit a weak temperature, ligand and solvent dependent residual paramagnetism in spite of the fact that the complexes do not have any detectable magnetic moment. This has been addressed in terms of singlettriplet equilibria where the low-lying triplet (S = 1) state exists 0.132-0.170 eV (depending on the nature of R groups of PR 3 ) above the singlet (S = 0) ground state. 
1-3 exhibit
1 H NMR spectra with broad aromatic signals associated with the quinonoid moieties.
9d,e,j,22, 23 However, proton resonances due to the bpy ligand in the complexes appear as normal doublets and triplets in the expected region of d 8.50-7.50 ppm 24 (Fig. 5 ). The ct(N-trans) isomer 2a exhibits 4 and 5 aromatic proton signals of bpy and Q¢ 2 , respectively, corresponding to half of the molecule while the cc-isomeric forms 1, 2b and 3 show aromatic protons due to the full molecule. Accordingly, 1, 2b, 3 and 2a exhibit four and two t Bu signals in the up-field region, respectively. The OMe-resonances in 3 appear as two singlets at d, 3.60 and 3.27 ppm.
Redox and spectroelectrochemical aspects 1-3 exhibit three similar redox steps: two successive one-electron oxidation processes and one reduction within the potential window of ± 2.0 V versus SCE in CH 3 CN (Fig. 7 and Table 5 ). In the cc-isomeric framework of 1, 2b and 3 (Scheme 3) the potentials are found to vary depending on the electronic nature of the "R" groups 9g,25 present in the quinonoid ligands, Q¢ 1-3 (Scheme 2) and the redox potentials follow the order: 2b(Cl) > 1(H) > 3(OMe). Between the ct-isomeric 2a and the cc-isomeric 2b the first oxidation and reduction potentials of the former are lower than those of the latter. The comproportionation constant (K c ) 26 values of 10 7-10 for the two successive oxidation processes (ox I and ox II) are much lower than those of 10 15-19 calculated on the basis of the first oxidation and first reduction processes (ox I and red I) ( (8620), 633(6110), 472(7240) Tables S6a  and S7 , ‡ respectively. The singly occupied molecular orbitals of a-spin (SOMO1 and SOMO2) in the complexes have a major contribution from the in-and out-of-phase combinations of the lowest p* orbitals of two Q¢ ligands with partial contribution from Ru non-bonding d-orbitals (Fig. 6) . The other low-lying occupied MOs have both Ru(dp) and Q¢ character. The LUMO of b-spin corresponds to SOMO2 of a-spin has~95% Q¢ character while LUMO+1 (b-spin) corresponding to LUMO of a-spin has 85-93% bpy contribution.
The SOMO1 and SOMO2 in each case are composed of~75% and~95% Q¢ based orbitals, respectively, (Tables S6a and S7 ‡) . Similarly, SOMO in the doublet state (S = 1/2) of the first oxidised 2a + or 2b + is also dominated by the Q¢ based orbitals (~95%) (Tables S8, S9 ‡). This in effect implies the quinone based preferential successive oxidation processes, ox-I and ox-II (Fig. 7, (Fig. S6 ‡) corresponding to the presence of unpaired spin selectively on the Q¢ Sq centre (Fig. 8, Table 3 ). (ii) A low-energy transition near 950 nm characteristic of the {Ru II -Q¢ Sq } configuration (Table 6 , Fig. 12) .
9g,12c,27 (iii) The DFT calculated C-O and C- N bond distances of coordinated Q¢ 2 are, as expected, in the decreasing mode on moving from 2→2 + (Tables S14, S15 ‡). (iv) An appreciable mixing of ruthenium(II) and Q¢ based orbitals in the LUMO (a-spin,~40% Ru and~60% Q¢, Tables S8, S9 ‡) of 2a + or 2b + due to a (dp)Ru II →(p * )Q¢ back-bonding interaction. (Fig. 9 , Tables 1 and  2) . 1.355(4) Å , respectively, (Table 2) follow the same trend as has been predicted by DFT for the analogous 2 2+ (Tables S14, S15 ‡). Unlike the 1 H NMR spectrum of the 3 the doubly oxidised diamagnetic 3 2+ exhibits calculated number of sharp proton resonances (Fig. 10 , see the Experimental section). Commensurate with the quinone dominated LUMO(b-spin) in 2a and 2b (~90% Q¢, Tables S6a and S7, ‡ respectively) the observed reduction in 1-3 (Fig. 7, Table 5 ) is likely to take place at the Q¢ centre. The~90% Q¢ based b-HOMO of the reduced state of 2a
-(Tables S12 and S13 ‡) also justifies the valence formulation of [(bpy)Ru II ((Q¢ Sq )(Q¢ Cat )] -for 1 --3 -. The DFT calculated C-O, C-N and C-C (meta) bond distances of coordinated Q¢ have also increased accordingly (Tables S14 and S15 ‡). The DFT predicted appreciable Mulliken spin density on Ru (~0.4) along with~0.6 spin density on Q¢ in 2a -or 2b - (Table 3 , Fig. 11 -: g 1 , 2.046; g 2 , 2.0007; g 3 , 1.989; <g>; 2.014; Dg, 0.057) also reveal the above mentioned mixed situation in 1 --3 -. The electronic spectral features of 1 n -3 n (n = 0,+1,+2,-1) in CH 3 CN vary slightly based on the substituents present in the frameworks of Q¢ as well as isomeric structural features of 2a and 2b (Fig. 12, Table 6 ). The key transitions in 1 n -3 n are assigned based on the TD-DFT calculations on the representative 2a n and 2b n (Table 7 , Tables S16, S17 ‡). 1-3 exhibit one intense low-energy transition around 950 nm (e ≥ 10000 dm 3 mol -1 cm -1 ) followed by one moderately intense visible transition near 550 nm besides the intra-ligand transitions in the higher energy UV region. The bands near 950 and 550 nm are assigned based on the TD-DFT calculations on 2a or 2b as interligand (p)Q¢→(p * )bpy and (dp)Ru,(p)Q¢→(p * )bpy MLLCT (MLLCT: metal-ligand to ligand charge-transfer) transitions, respectively. On one-electron oxidation to [(bpy)Ru II (Q¢ Sq )(Q¢ Q )] + (1 + -3 + ) the intensity of the low-energy transition near 950 nm for the parent 1-3 diminishes drastically from~15000 to~2000 dm 3 mol -1 cm -1 . This can be attributed to the oxidation of one of the Q¢ Sq centres in 1 + -3 + . Moreover, 1 + -3 + exhibit two new intense visible bands near 670 and 480 nm due to (dp)Ru,(p)Q¢ → (p * )Q¢ MLLCT transitions.
The low-energy transition near 950 nm however completely vanishes in case of the doubly oxidised [(bpy)Ru II (Q¢ Q ) 2 ] 2+ state in 1 2+ -3 2+ due to the oxidation of both the Q¢ Sq centres to Q¢ Q . Two moderately intense visible bands near 650 nm and 500 nm appear for 1 2+ -3 2+ because of (dp)Ru,(p)Q¢→(p * )Q¢ MLLCT transitions. The reduction of representative 2 to 2 -pushes the longwavelength bands to the higher energy region at 912 nm with the reduction in intensity (Tables 6 and 7 , Fig. 12 ). The reduced 2 -also exhibits two visible region transitions near 630 and 470 nm (Fig. 12 , Table 6 ). The multiple visible region transitions are attributed to MLLCT transitions, (dp)Ru, (p)Q¢ → p * (bpy) involving different HOMOs and LUMOs (Table 7 and Tables S16,  S17 ‡ 
Conclusions
Following [3] (ClO 4 ) 2 has been structurally characterised.
The present study with the newer molecular frameworks further demonstrates the sensitivity of the valence and spin situations at the ruthenium-quinonoid interface which indeed introduces vulnerability in establishing the precise electronic structures of such species in accessible redox states. However, the collective understanding of experimental and theoretical events is somewhat effective in reaching to a reasonably conclusive state which also extends the need for further scrutiny with the more challenging molecular frameworks.
Experimental Materials
The precursor complex Ru(bpy)(Cl) 3 30 and the ligand 2-anilino-4,6-di-tert-butylphenol (Q¢ 1-3 ) 6c, 31 were prepared according to the reported procedures. Other chemicals and solvents were of reagent grade and used as received.
Physical measurements
UV-VIS-NIR spectra in CH 3 CN-0.1 M Et 4 NClO 4 at 298 K were recorded on a Perkin-Elmer 950 lambda spectrophotometer. UV-VIS-NIR spectroelectrochemical studies for 2a
-and 2b -were performed in CH 3 CN-0.1 M Bu 4 NPF 6 at 298 K using an optically transparent thin layer electrode (OTTLE) cell 32 mounted in the sample compartment of a J&M TIDAS spectrophotometer. FT-IR spectra were taken on a Nicolet spectrophotometer with samples prepared as KBr pellets. Solution electrical conductivity was checked using a Systronic 304 conductivity bridge. The EPR measurements were made with a Varian model 109C E-line Xband spectrometer fitted with a quartz dewar for 77 K. The EPR measurements for 2a -and 2b -were made in a two-electrode capillary tube 33 with a X-band (9.5 GHz) Bruker system ESP300 spectrometer. Cyclic voltammetric, differential pulse voltammetric and coulometric measurements were carried out using a PAR model 273A electrochemistry system. Platinum wire working and auxiliary electrodes and an aqueous saturated calomel reference electrode (SCE) were used in a three-electrode configuration. The supporting electrolyte was 0.1 mol dm was set equal to 0.5(E pa + E pc ), where E pa and E pc are the anodic and cathodic cyclic voltammetric peak potentials, respectively. A platinum wire-gauze working electrode was used in the coulometric experiments. The elemental analyses were carried out with a Perkin-Elmer 240C elemental analyzer. Electrospray mass spectra were recorded on a Micromass Q-ToF mass spectrometer. 1 H NMR spectra of 1, 2a, 2b, 3, 3 2+ were obtained with 300 MHz Varian and 400 MHz Bruker FT spectrometers, respectively.
Preparation of complexes
The complexes were prepared by following a general procedure. The details are given for one representative complex, 1. Q¢ 1 ) 2 ] (1). The ligand 2-anilino-4,6-di-tert-butylphenol (H 2 Q¢ 1 ) (203 mg, 0.686 mmol) and NaOH (70 mg, 1.75 mmol) were added to a 30 cm 3 ethanolic solution of Ru(bpy)(Cl) 3 (100 mg, 0.274 mmol). The mixture was heated to reflux for 16 h under a dinitrogen atmosphere. The initial brown colour changed to red-violet. The solvent of the reaction mixture was evaporated to dryness under reduced pressure. It was then purified on a silica gel column (60-120 mesh). The product corresponding to 1 was eluted with acetonitrile. Evaporation of the solvent under reduced pressure afforded the pure complex.
Synthesis of [Ru(bpy)(
Yield 2a and 2b) . Complex 2 was synthesized by following the above mentioned procedure but by using the ligand H 2 Q¢ 2 instead of H 2 Q¢ 1 . This led to the formation of a mixture of two isomers, ct-isomeric, 2a and cc-isomeric 2b which were separated by using a silica gel column (60-120 mesh). The isomer 2b was eluted initially by dichloromethane and the other isomer 2a was collected next by using acetonitrile as an eluant. The subsequent evaporation of the solvents under reduced pressure yielded the pure complexes. 
X-Ray crystal structure analysis
Single crystals of 1, 2a, 2b, 3 and 3 2+ were grown by slow evaporation of their acetonitrile solutions at 298 K. X-Ray diffraction data were collected using an OXFORD XCALIBUR-S CCD single crystal X-ray diffractometer. The structures were solved and refined by full-matrix least-squares techniques on F 2 using the SHELX-97 program. 34 The absorption corrections were done by the multi-scan technique. All data were corrected for Lorentz and polarization effects, and the non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in the refinement process as per the riding model. CCDC nos. for 2a, 2b, 3, and [3] (ClO 4 ) 2 are 821453, 821454, 821455, 821456, respectively.
Computational methods
Full geometry optimisations were carried out using the density functional theory method without any symmetry constraints at the (U)B3LYP for 2a,2b,2a + ,2b + ,2a -,2b -and (R)B3LYP level for 2a 2+ , 2b 2+ . 35 All elements except ruthenium were assigned the 6-31G(d) basis set. The SDD basis set with effective core potential was employed for the ruthenium atom.
36 The vibrational frequency calculations were performed to ensure that the optimised geometries represent the local minima and there are only positive eigenvalues. All calculations were performed with Gaussian03 program package. 37 The broken symmetry formalism 38 as implemented in G03 has been applied for 2a. The broken symmetry formalism using unrestricted B3LYP functional has been proved to be a good approximation for multi-reference ground state involving open shell diradical metal complexes.
6h, 20a The stability of this unrestricted Kohn-Sham solution has been checked by stability analysis as implemented in G03. The BS (m,n) 38c notation has been adopted in that regard where m(n) denotes the number of spin up (spin down) electrons at the two interacting fragments. The value of S ab has been calculated according to the literature reported procedure.
6h, 20a The energy difference between singlet state and BS(1,1) state is further verified by BMK 38d and TPSS 38e levels with same basis set combination. Natural bond orbital analyses were performed using the NBO 3.1 module of Gaussian03.
39 Vertical electronic excitations based on B3LYP optimised geometries were computed for the time-dependent density functional theory (TD-DFT) formalism 40 in acetonitrile using conductor-like polarisable continuum model (CPCM).
41 GaussSum 42 was used to calculate the fractional contributions of various groups to each molecular orbital.
Magnetic measurements
The variable-temperature magnetic susceptibilities were measured on polycrystalline samples with a Quantum Design MPMSXL SQUID (Superconducting Quantum Interference Device) susceptometer over a temperature range of 2 to 300 K at constant field of 1 T. Each raw data set was corrected for the diamagnetic contribution of both the sample holder and the complex to the susceptibility. Molar diamagnetic corrections were calculated on the basis of Pascal constants. Magnetization measurements were carried out at 2 and 300 K from 0 to 5 T.
